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The optimal ranges of traffic flow and capacity will be determined for
selected scenarios, in which different proportions of automated and
conventional traffic will operate simultaneously in an automated high-
way system (AHS). It is found that there will be a substantial increase
in the net benefit and the traffic flow and capacity ranges when there
is a higher proportion of AHS traffic. The optimal range of capacity
refers to the maximum range of traffic volumes, for which there will
be some net benefit, which is the difference between the total cost and
the total benefit for each flow. The total cost represents the production
and operating costs of the infrastructure and the expenditure borne by
the user, whereas the total benefit refers to the time saving to the user.
It is concluded that more AHS vehicles should be produced in order to
achieve economic efficiency, improved traffic capacity, and safety in
travel.

The objective of developing automatic highway systems (AHSs) as
part of the Intelligent Transportation System (ITS) is to improve the
movement of people and goods in America in the next decades by
using advanced technology and communication. AHS is designed
to improve traffic capacity and safety and to reduce fuel consump-
tion due to stop-and-go idled delay. The headway between the auto-
mated vehicles can be reduced greatly and the fleet can move in
platoons with a desirable speed, which will be controlled by the
roadside and in-vehicle equipment packages. As a result, the acci-
dent rate can be lowered and a higher fuel consumption saving can
be expected.

Despite the abundant potential benefits, it is necessary to conduct
some cost and benefit analysis in locating the optimal ranges of traf-
fic flow and capacity for the various scenarios of mixed operating
traffic, in which different proportions of automated and conven-
tional vehicles are assumed to cruise on the same AHS lane. The
selection of input factors will greatly affect the cost and benefit func-
tions so that the optimal range and the corresponding net benefit can
vary to a large extent for various mixed traffic operations. The mar-
ket penetration of AHS vehicles, technical development trends,
prices and durability of the associated electronic equipment, and
maintenance cost of the physical infrastructure are only some exam-
ples of input factors that can affect the outcomes of the analysis.
Moreover, the background factors on which the system will be
implemented can bring along diverse results; the length of the AHS
corridor and the selected hours for analysis will generate a very
different picture in the amount of net benefits.

Medical and legal costs due to an AHS accident, pollution, or
noise generated because of the AHS implementation are considered
as social costs. The relief of congestion as more vehicles can be
served over the same highway system should be counted as system

benefits. As more cost and benefit factors are accommodated in the
analysis, a more thorough view of the economic structure of various
scenarios can be expected. Since the analysis will become more
complicated and the information on all possible cost or benefit fac-
tors is limited at this stage of AHS design, the authors will select
only a few input factors for the cost-benefit analysis.

COST STRUCTURE OF AHS CORRIDOR

In this model, two types of cost will be associated with the applica-
tion of AHS: the system cost and the user cost. The production and
operating cost of the AHS will be considered as the former, while
the payment for in-vehicle equipment by users will be considered as
the latter. The basic idea of the model is that the total cost will
decrease as more vehicles share the mixed AHS system and the traf-
fic flow grows. The user cost will stay constant for any traffic flow,
since each user is supposed to pay the same for the in-vehicle equip-
ment installed. All cost data will be converted to the same unit for
comparison with the benefit, which is in the unit of per mile per
annual peak hour. In other words, it is in the dollar value that will be
spent on each mile, 6 peak-hr each day, in a year. All the cost data
are expressed in 1995 dollars after the introduction of a 6 percent
discount rate, which will bring the future expenditures on the
infrastructure back to present value.

The two application cases in the AHS operations are

• Case I: Dedicated AHS lane with dedicated entry/exit ramps,
and

• Case II: Dedicated AHS lane with transition lane and common
entry/exit ramps.

System Cost

System cost is composed of the costs of roadway infrastructure,
traffic management center for AHS operation, and physical
construction.

Cost of Roadway Infrastructure

The cost information of the operating packages of roadway infra-
structure is shown in Table 1 (1). Nonrecurring expenditures are
made up of fixed or lump-sum costs, such as the initial purchasing
costs and the replacement expenditures on the packages along the
years, whereas recurring expenditures include the variable costs,
such as maintenance costs, of the packages. Since the nonrecur-
ring expenditures are expressed as the total for the given year
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TABLE 1 Cost Information of Operating Package of Roadway Infrastructure (1)

range, the annual expenditure for the roadway system for AHS
between Years 11 and 20 is equal to $600,000 before introducing
the discount factors. For Case I, the total expenditure will be
$2,465,901 at Year 0, after discounting the total expenditure by
6 percent. The corresponding mathematical expression can be
shown as follows:

where r represents 6 percent and j represents Year 1 to 10, which
corresponds to a year range of 11–20.

The data are based on a system functioning for the entire day.
However, the authors prefer to express the cost for the peak hours
only (3 hr in the morning peak and 3 hr in the afternoon peak). The
yearly nonrecurring cost will be divided by 24 hr and the result
multiplied by 6 hr so as to obtain the yearly peak-hour nonrecur-
ring expenditure for the given corridor. The result will then be
divided by 10 mi so as to have the cost expressed on per-mile basis.
In other words, given a discount rate of 6 percent, the nonrecurring
expenditure for the roadway system for AHS can be estimated as
follows:

Thus, the average annual peak-hour expenditure on the non-
recurring costs of this equipment for the AHS corridor is
$3,082.40/year/mi (based on 1995 $, annual peak-hour cost, per-
mile basis, 6 percent discount rate). Here, it is assumed that the cost
can be spread out evenly across the time unit. In other words, the
operation cost of the system is distributed evenly across time, with
no discrimination on the intensity of the system usage.

Cost of Traffic Management Center Operation

This cost sector includes the expenditures for operating the traffic
management center (TMC), such as the payment for the personnel
at the TMC. By using an estimation approach similar to the
previous one, it is found that the recurring and nonrecurring
expenditures are summed as $3,211.30/annual peak-hr/mi (based
on 1995 $, annual peak-hour cost, per-mile basis, 6 percent
discount rate).
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Cost of Physical Infrastructure Construction

The construction activities include earthwork, retaining walls,
bridges, pavement, drainage, and such. There is a difference
between the construction costs for Cases I and II. Thus, it will
be interesting to see the variation in the system costs and the
total costs.

Construction Cost of AHS in Case I Scenario

The total construction cost of AHS physical infrastructure in Case I
is summed as $304,169,987 (2). Since the cost shown is given on a
25-mi AHS corridor basis, the annual expenditure on construction,
which contributes to the peak hour on per-mile basis in Case I, is
calculated as follows:

Construction Cost of AHS in Case II Scenario

The total construction cost of AHS physical infrastructure in Case
II is summed as $249,286,809 (2). By using the similar approach,
the annual expenditure on construction during peak hour for a
corridor in Case II is $124,643.40/year/mi (in 1995 $, annual peak-
period, per-mile basis).

Therefore, the total system costs, which correspond to the sum of
the three cost parts in the preceding for a given corridor and an adop-
tion of 6 percent discount rate, are $158,378.70 for Case I and
$130,936.70 for Case II.

User Cost

In this analysis, the user cost includes the payment for the in-vehicle
equipment, which will communicate with the roadside AHS infra-
structure and execute the various functions of AHS. The equipment
includes vehicle lateral control, vehicle longitudinal control, vehicle
route guidance, and vehicle system for AHS.

It is assumed that the market penetration of AHS vehicles falls
in the range between 0.1 and 2 percent of the total number of
vehicles in a given urban area, which is assumed to be 2,500,000.
Other assumptions are that the number of AHS vehicles is 50,000
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FIGURE 1 Flow-velocity relationship for different combinations of AHS
and conventional traffic.

(2 percent of total number of vehicles) during the 20-year time
frame, and the number of operating vehicles is constant. With a
similar approach to that used in calculating the nonrecurring and
recurring expenditures for the roadway infrastructure under the
system cost category, the estimation for the in-vehicle equipment
cost, which is in the unit of annual peak-hour expenditures per
vehicle, is found to be $26.70/annual peak-hr/mi for the 6 percent
discount rate.

Benefit

Time saving will be considered as the only benefit factor in this
paper. Given the speed-flow-density relationship formula for
100 percent AHS traffic system (3) and that for the 100 percent
conventional traffic system, one will be able to derive a simplified
relationship among speed, density, and flow for the 20, 50, and
80 percent mixed AHS traffic system. The basic traffic flow
relationship for 100 percent AHS traffic is as follows:

where

q = traffic flow;
k = density;

kj2 = jam density, estimated to be 164 veh/mi;
v = speed;
vf = free-flow speed, assumed to be 60 mph;
n = number of vehicles in a platoon, assumed to be 20; and
L = length of vehicle, about 5 m in general.

The basic traffic flow relationship for 100 percent conventional
traffic (4) is as follows:

where kj1 is jam density, estimated to be 260 veh/mi.
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For a specific velocity, there will be a corresponding flow associ-
ated with it for both the 100 percent AHS and 100 percent conven-
tional traffic cases. The flow for the mixed AHS system can be
assessed roughly by adding the product of the mixed percentage (20,
50, or 80 percent AHS vehicles) and the difference between the two
traffic flows for 100 percent AHS and 100 percent conventional traf-
fic to the traffic flow of the 100 percent conventional traffic. For
example, for v = 6 mph, the traffic flow q (100 percent AHS) of the
100 percent AHS case is 961.3 veh/hr, while the traffic flow q
(100 percent conv) of the 100 percent conventional traffic case is
803 veh/hr. Then, the traffic flow for the 20 percent mixed traffic
(20 percent AHS vehicles, 80 percent conventional vehicles) will be
equal to

The speed-flow relationship for the various combinations of con-
ventional and AHS traffic is shown in Figure 1. The average veloc-
ity of the mixed AHS traffic stream can be obtained by dividing
the traffic flow by the mixed density, which is numerically equal
to the sum of the densities that are in the same proportion as the
two 100 percent operating flows. The annual benefit can be esti-
mated by multiplying the time difference in traveling 1 mi in the
100 percent conventional traffic scenario and the given mixed traf-
fic scenario with 250 days (annual operating time period), 6 peak-
hr, and $10/hr, which is assumed to be the average time value for
travelers.

QUANTITATIVE ANALYSIS OF COST
AND BENEFIT OF AHS CORRIDOR

In this section, the results of the cost-benefit analysis will
be provided for various AHS system scenarios. The first three
described scenarios will be referred to as Case I, in which the
physical construction is provided with a dedicated AHS lane and
dedicated entry/exit ramps; the last three will be referred to as
Case II, in which the physical construction is provided with a ded-
icated AHS lane and transition lane with common entry/exit
ramps. The cost will be discounted by a rate of 6 percent for all six
scenarios.

803 0 2 961 3 803 835 6+ − =. ( . ) ( )veh/hr
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FIGURE 2 Cost and benefit versus traffic volume in Case I (20 percent AHS).

TABLE 2 Cost and Benefit Versus Traffic Volume in Case I (20 percent AHS)

In the first case, the hypothetical AHS corridor will be occupied
by 20 percent AHS vehicles and 80 percent conventional vehicles;
the relevant cost and benefit are estimated and illustrated in Table 2
and Figure 2. In the second scenario, the hypothetical AHS corridor
will be occupied by 50 percent AHS vehicles and 50 percent con-
ventional vehicles; the relevant cost and benefit are estimated and
illustrated in Table 3 and Figure 3. The hypothetical AHS corridor
will be occupied by 80 percent AHS vehicles and 20 percent
conventional vehicles for the third case, and the relevant cost and
benefit are estimated and illustrated in Table 4 and Figure 4.

In the fourth case, the hypothetical AHS corridor will be
occupied by 20 percent AHS vehicles and 80 percent conventional
vehicles; the relevant cost and benefit are estimated and illustrated
in Table 5 and Figure 5. The hypothetical AHS corridor in the fifth
scenario will be occupied by 50 percent AHS vehicles and
50 percent conventional vehicles; the relevant cost and benefit are
estimated and illustrated in Table 6 and Figure 6. In the final case,
the hypothetical AHS corridor will be occupied by 80 percent

AHS vehicles and 20 percent conventional vehicles, and the rele-
vant cost and benefit are estimated and illustrated in Table 7 and
Figure 7.

CONCLUSION AND FUTURE STUDY

For the six scenarios shown in this paper, the total cost decreases as
a higher number of AHS and conventional vehicles operate in the
system, since the operating cost can be shared by more entities. It is
reasonable to observe that the total cost can reach the lowest in the
80 percent AHS scenario because more capacity can be handled in
an hour. On the other hand, the benefit can reach its climax for the
80 percent AHS scenario, since this proportion of AHS traffic can
generate the highest average velocity among the three mixed traffic
cases. As a result, it can save time the most. The net benefit stays
positive in different flow ranges for the six scenarios—for example,
for Case 1, from about 460 to 2,500 veh/hr, whereas for Case 3, from



TABLE 3 Cost and Benefit Versus Traffic Volume in Case I (50 percent AHS)

FIGURE 3 Cost and benefit versus traffic volume in Case I (50 percent AHS).

TABLE 4 Cost and Benefit Versus Traffic Volume in Case I (80 percent AHS)



FIGURE 4 Cost and benefit versus traffic volume in Case I (80 percent AHS).

TABLE 5 Cost and Benefit Versus Traffic Volume in Case II (20 percent AHS)

FIGURE 5 Cost and benefit versus traffic volume in Case II (20 percent AHS).



TABLE 6 Cost and Benefit Versus Traffic Volume in Case II (50 percent AHS)

FIGURE 6 Cost and benefit versus traffic volume in Case II (50 percent AHS).

TABLE 7 Cost and Benefit Versus Traffic Volume in Case II (80 percent AHS)
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FIGURE 7 Cost and benefit versus traffic volume in Case II (80 percent AHS)

480 to 4,600 veh/hr. Also, it reaches different climax for different
cases. It is demonstrated that, if a higher percentage of AHS vehi-
cles are operating in the scene, the net benefit for each flow will be
higher.

It can also be observed that the cost input of the two cases does
not change the net benefit to a large extent, while the three mixed
AHS scenarios will be much more sensitive in determining the size
of the net benefit. In a future study, the authors will introduce a
number of discount rates to study the changes in the net benefit.
Fuel consumption saving because of smoother driving in the
scenarios will be of interest, too. More cost data input that is
regarded as essential to the operation will also be considered in the
analysis, if the data are available, to portray a more complete
picture.
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